In vertebrates, most inner organs are asymmetrically arranged with respect to the main body axis [1] . Symmetry breakage in fish, amphibian, and mammalian embryos depends on cilia-driven leftward flow of extracellular fluid during neurulation [2] [3] [4] [5] . Flow induces the asymmetric nodal cascade that governs asymmetric organ morphogenesis and placement [1, 6, 7] . In the frog Xenopus, an alternative laterality-generating mechanism involving asymmetric localization of serotonin at the 32-cell stage has been proposed [8] . However, no functional linkage between this early localization and flow at neurula stage has emerged. Here, we report that serotonin signaling is required for specification of the superficial mesoderm (SM), which gives rise to the ciliated gastrocoel roof plate (GRP) where flow occurs [5, 9] . Flow and asymmetry were lost in embryos in which serotonin signaling was downregulated. Serotonin, which we found uniformly distributed along the main body axes in the early embryo, was required for Wnt signaling, which provides the instructive signal to specify the GRP. Importantly, serotonin was required for Wnt-induced double-axis formation as well. Our data confirm flow as primary mechanism of symmetry breakage and suggest a general role of serotonin as competence factor for Wnt signaling during axis formation in Xenopus.
Summary
In vertebrates, most inner organs are asymmetrically arranged with respect to the main body axis [1] . Symmetry breakage in fish, amphibian, and mammalian embryos depends on cilia-driven leftward flow of extracellular fluid during neurulation [2] [3] [4] [5] . Flow induces the asymmetric nodal cascade that governs asymmetric organ morphogenesis and placement [1, 6, 7] . In the frog Xenopus, an alternative laterality-generating mechanism involving asymmetric localization of serotonin at the 32-cell stage has been proposed [8] . However, no functional linkage between this early localization and flow at neurula stage has emerged. Here, we report that serotonin signaling is required for specification of the superficial mesoderm (SM), which gives rise to the ciliated gastrocoel roof plate (GRP) where flow occurs [5, 9] . Flow and asymmetry were lost in embryos in which serotonin signaling was downregulated. Serotonin, which we found uniformly distributed along the main body axes in the early embryo, was required for Wnt signaling, which provides the instructive signal to specify the GRP. Importantly, serotonin was required for Wnt-induced double-axis formation as well. Our data confirm flow as primary mechanism of symmetry breakage and suggest a general role of serotonin as competence factor for Wnt signaling during axis formation in Xenopus.
Results and Discussion
Serotonin (5-hydroxytryptamine; 5-HT) is best known for its role in the nervous system, where it acts as a neurotransmitter [10] . It exerts its effects by binding to cognate receptors. Receptor genes (5-HTR) are grouped into seven classes and encode G protein-coupled receptors, except for class 3 (5-HT 3 ), which represents ligand-gated sodium, potassium, and calcium channels [11] . A function for serotonin signaling in left-right (LR) axis specification in Xenopus laevis has been inferred from a drug screen, in which embryos treated with 5-HTR antagonists developed LR defects [8] . Strikingly, an asymmetric accumulation of serotonin was reported in ventral right blastomeres by the 32-to 64-cell stages [8] . The ''ionflux'' model of symmetry breakage in frog proposes that an asymmetric H + /K + -ATPase activity sets up an electrochemical gradient between left and right blastomeres at the four-cell stage [12] . This gradient would drive serotonin through gap junctions to accumulate asymmetrically in ventral right blastomeres [8, 13] and, consequently, regulate activation of the nodal cascade [6, 7] . More recently, we found cilia-driven leftward flow in Xenopus [5] to be required for LR axis specification upstream of the asymmetric nodal cascade. Flow develops at neurulation and, therefore, much later than the reported serotonin asymmetry [8] . Here, we investigate the relationship between early serotonin asymmetry and flow.
Loss of Serotonin Signaling Impairs LR Axis Development
Fukumoto et al. [8] identified serotonin class 3 (5-HT 3 ) and 4 (5-HT 4 ) receptors to be relevant for LR development. xHtr4 was not expressed before tadpole stages (see Figure S1A available online) and not analyzed further. RT-PCR analysis showed absence of maternal transcripts and onset of xHtr3 expression following midblastula transition ( Figure S1A ). The early spatial expression pattern remained elusive because no signals were detectable by whole-mount in situ hybridization (WMISH) before late neurula stages (data not shown).
Two strategies were applied to interfere with serotonin signaling. Knockdown experiments were performed to inhibit expression of the crucial subunit xHTR3 of Xenopus 5-HT 3 . Two antisense morpholino oligonucleotides (MOs) were designed to target the translational start site (MO1) or the 5 0 UTR (MO2) ( Figure S1B ). To interfere with serotonin signaling in a more general manner, regardless of the receptor type in question, constructs of frog and human HTR3 were cloned that consisted of just a signal peptide and the ligand binding domain (LBD; Figure S1C ). A human splice variant (hsv), in which the LBD lacks crucial domains for serotonin binding, served as negative control [14, 15] (Figure S1C ).
MOs or LBD constructs were injected into ventral or dorsal blastomeres at the four to eight-cell stage, and LR development was assayed by Pitx2c or Xnr1 expression in 2 day tadpoles (Figures 1A and 1B ; Figure S1E ). Ventral MO or LBD injections did not alter Pitx2c asymmetry ( Figure S1D ). In contrast, inhibition of serotonin signaling on the dorsal side prevented induction of Pitx2c in the left lateral plate mesoderm ( Figure 1B) . The hsv construct did not alter Pitx2c expression, demonstrating that LBD effects were dependent on serotonin binding ( Figures 1A and 1B) .
Remarkably, higher MO and LBD concentrations resulted in additional embryonic malformations ( Figure S1F ; data not shown), in line with morphogenetic effects of serotonin signaling in other species [13, 16] . Importantly, dorsoanterior development of embryos was unaltered at the concentrations used here. These experiments confirmed the role of serotonin signaling for LR development; however, they pinpointed a dorsal rather than the reported ventral role [8] .
Next, flow was analyzed in morphants by adding fluorescent beads to cultured dorsal explants of stage 17/18 embryos as described [5, 17] . Control MO (co-MO) and uninjected embryos revealed robust leftward flow at stage 17/18, whereas flow was markedly affected in MO1/2-targeted regions of the gastrocoel roof plate (GRP) as well as in LBD-injected explants (Movie S1). As a qualitative measure of flow, the mean resultant length of particle trails (Rayleigh's test of uniformity) was calculated from each time-lapse movie and expressed as the dimension-less number rho (r). A r value of 1 describes a situation in which all trajectories project uniformly into the same direction, whereas 0 represents randomness of particle movements, i.e., no flow. Flow assessment in uninjected or co-MO injected specimens revealed a mean r value of 0.76, which dropped to 0.5 and below in MO1/2-and LBD-injected specimens ( Figure 1C ; Table S1 ). Because r < 0.66 was indicative of severe flow perturbations in an earlier study [18] , we conclude that MO-and LBD-mediated knockdown of serotonin signaling on the dorsal side effectively impairs leftward flow.
Absence of flow might be caused by impaired ciliary motility, aberrant cilia polarization, or defects in ciliogenesis [4, [17] [18] [19] [20] .
To distinguish between these possibilities, the GRP of injected embryos was assessed by scanning electron microscopy ''x'' in box plots represents mean values. The following abbreviations are used: a, anterior; l, left; p, posterior; r, right; *, significant; **, highly significant; ***, very highly significant; n.s., not significant. Numbers in parentheses indicate number of embryos or dorsal explants analyzed. Statistical significance was calculated using Pearson's chi-square test (B) or Student's t test (C and H-J; [43] ). See also Figure S1 .
( Figures 1D-1G ). Ciliation rate ( Figure 1H ) and cilia length ( Figure 1I ) were significantly reduced, and posterior polarization was altered upon loss of serotonin signaling ( Figure 1J ; Table S1 ). Expression of the cilia and GRP marker gene Tekt2 [21] was reduced or absent in morphants (Figures S1G, S1H, and S1J). MO specificity was demonstrated by qualitatively indistinguishable phenotypes of nonoverlapping MOs ( Figure S1B ), and by coinjection of a full-length xHtr3 complementary DNA with altered MO-binding site (xFL), which rescued ciliation rate, cilia length, posterior cilia polarization, and Tekt2 transcription ( Figures 1F and 1H-1J , Figure S1I and S1J). Although ciliation rate and posterior polarization were reverted to almost wild-type (p < 10 24 ), cilia lengths were only partially restored to about half that of normal cilia. Consequently, flow, asymmetric marker gene expression, and organ situs were not rescued (data not shown).
Serotonin Signaling Is Required for Specification of the Superficial Mesoderm
Next we wondered whether serotonin signaling acted on the specification of GRP cells before involution of the superficial mesoderm (SM; [9] ). Expression levels of Foxj1, a master control gene of motile cilia [21, 22] , were clearly downregulated in morphant and LBD-injected gastrulae (Figures 2A, 2B , and 2G; Figure S2 ) but rescued upon coinjection of xFL mRNA ( Figures 2C and 2G) . Xnr3, whose expression is restricted to the superficial layer of the early organizer [23] , was also downregulated in MO1 morphants and LBD-injected embryos 
Serotonin Signaling Mediates
Competence for Canonical Wnt Signaling Xnr3 has been described as a canonical Wnt target in Xenopus [23, 24] . Canonical Wnt signaling has been previously implicated in LR axis formation [25] [26] [27] . We therefore wondered whether serotonin and canonical Wnt signaling interacted in SM/GRP specification. First, we analyzed a potential serotonin-Wnt interaction in the frog double-axis assay [28] . XWnt8 messenger RNA (mRNA) injection into ventral blastomeres at the four to eight-cell stage induced double axes in 80% of cases ( Figures  3A and 3B) . Remarkably, coinjection of MO1, MO2, frog, or human LBD severely reduced the axis-inducing potential of XWnt8 ( Figure 3B ; Figure S3A ). Twinning was rescued by coinjection of MO1 and xFL ( Figure 3B ). The LBD effects were rescuable by coinjection of exogenous serotonin, supporting the assumption that LBDs inhibit serotonin signaling by sequestration of the endogenous ligand. dvl2, the intracellular mediator of Wnt signaling [29] , and the Wnt/b-catenin (b-cat) target XSia [30, 31] also efficiently induced double axes; however, coinjection of MO1 or xLBD had no effect on twinning (Figures 3C and 3D ; Figure S3B ). Thus, loss of serotonin signaling did not per se abolish the axis-inducing potential in the embryo. Next, we tested whether serotonin and Wnt interact on the dorsal side in the specification of the SM. Figures 3E-3G demonstrate that coinjection of dvl2 or b-cat together with MO1 into dorsal blastomeres of the four-cell embryo rescued Foxj1 expression. In summary, these experiments implicate an interaction between serotonin and canonical Wnt signaling upstream of dvl2 at the level of ligand and/or receptors. The serotonin effect on cilia polarization described in Figures 1E, 1F , and 1J in addition suggests that noncanonical Wnt signaling might also depend on serotonin signaling, because recent work has demonstrated that cilia polarization is under noncanonical Wnt control [18, 19, 32, 33] . It remains to be seen, which Wnt ligands and receptors act in these processes.
Interestingly, a genome-wide small interfering RNA screen for Wnt regulators identified serotonin class three receptors (Christof Niehrs, personal communication), in agreement with our findings. Three possible roles of serotonin signaling for Wnt pathway activation could be envisaged: serotonin receptors could (1) allow ligand or receptor trafficking to the membrane, (2) serve as coreceptor, or (3) impact on Wnt signalosomes [34] . Recent data hint at the third scenario, because the ion pump vacuolar H + -ATPase (V-ATPase) was shown to be necessary for signalosome-dependent Wnt pathway activation [35] . In neurons, V-ATPase acidifies the lumen of presynaptic vesicles as prerequisite of proton-dependent serotonin import [36] . V-ATPase-dependent acidification of signalosomes was also necessary for canonical Wnt signaling to occur [35] . Interestingly, V-ATPase activity is involved in LR development in Xenopus as well [37] . It is tempting to speculate that serotonin and V-ATPase are involved in the same embryological context, namely Wnt-dependent specification of the SM and morphogenesis of the GRP.
Endogenous Serotonin Accumulates in the Superficial Cell Layer of the Blastula Embryo
Our experiments imply a dorsal role of serotonin in LR axis formation, in contrast to the previously postulated ventral function [8] . To test where in the embryo serotonin affected LR development, we injected serotonin into dorsal or ventral blastomeres at the four-cell stage. Surprisingly, neither dorsal nor ventral injections affected asymmetric Pitx2c expression or organ situs (Table S2) , although the applied 20 ng serotonin per injection represents a 16-fold molar excess over the reported endogenous serotonin level [8] .
Because the serotonin-metabolizing enzyme monoaminoxidase-1 (MAO) is supplied maternally [8] , ectopic serotonin Statistical significance was calculated using Pearson's chi-square test [43] . The following abbreviations are used: **, highly significant; ***, very highly significant; n.s., not significant. See also Figure S3 . might be ineffective due to degradation. In order to follow the fate of injected serotonin in entire embryos as well as in high resolution, we employed a whole-mount immunocytochemical approach using confocal fluorescence microscopy ( Figure 4A ; Supplemental Experimental Procedures) [38, 39] . Figures 4B-4E show that serotonin injected at the four-cell stage yielded strong signals in descendants at later stages, arguing against appreciable degradation. Next, we injected the MAO-dependent degradation product 5-hydroxyindolacetic acid (5-HIAA) or the structurally similar melatonin, which was suggested to potentially cross-react with anti-serotonin antibodies [40] . These compounds, however, were not detected by our anti-serotonin antibody (n = 5 embryos each; data not shown). The proposed asymmetric ventral function of serotonin signaling [12, 13, 37] thus seems highly unlikely. In addition, LBD-mediated inhibition of serotonin signaling on the ventral side did not affect LR development ( Figure S1D ). Furthermore, exogenously supplied serotonin was generally retained in the injected cell lineages through the earliest cleavage stages (i.e., for several hours), arguing against transfer through gap junctions.
Because we failed to detect an accumulation into ventral blastomeres in serotonin-injected embryos ( Figures 4B and  4C) , we reexamined the native distribution of serotonin by whole-mount immunohistochemistry (IHC). None of >50 embryos analyzed at each of four time points between the 32-cell stage and stage 10 displayed any dorsoventral or lateral asymmetry ( Figures 4F-4K and S4) . To exclude transient, cell-cycle-dependent serotonin differences, groups of embryos were analyzed at 5 min intervals during the 32-cell stage. Again, no asymmetries were detected (data not shown).
Detailed inspection of specimens revealed a number of salient serotonin-staining characteristics. Serotonin was present in all blastomeres, although animal blastomeres displayed stronger fluorescence than vegetal ones ( Figures  S4C-S4F) . Serotonin was detected in the cytoplasm at both apical and basolateral regions of the plasma membrane of all blastomeres, with no blastomeres exhibiting particular relative enrichment (Figures 4F and 4G; Figures S4G and S4H) . The bulk of serotonin staining was found in a central domain of blastomeres corresponding to the perinuclear region of the cell (Figures 4F and 4H; Figures S4C-S4G) . High magnification revealed a punctate pattern of the serotonin signal, suggesting sequestration into vesicle-like structures (Figures 4G, 4H ; Figure S4H ). Indeed, the serotonin injection controls showed the same enrichment in the perinuclear space as well as vesicle-like localization ( Figure 4D ). This pattern persisted up to blastula stages. Methodological differences may underlie the discrepancy between our localization results and those of Fukumoto et al. [8] . Occasionally, we noted apparently localized IHC signals in single blastomeres, which upon inspection of adjacent optical sections, turned out to be artifacts of sectioning: tangential or grazing sections through the serotonin-rich cortex of irregularly shaped or cleaving cells gave the erroneous impression of specific enrichment of a blastomere's overall serotonin content relative to that of its neighbors (cf. Movie S2; Figures  S4I and S4J) . Fukumoto et al. [8] detected serotonin in thick histological sections. Because these correspond to stacks of individual frames in our confocal analysis, they could represent fortuitous tangential sections. However, both we and Fukumoto et al. [8] observed strong perinuclear staining in most blastomeres. Thus, except for the asymmetry reported by Fukumoto and colleagues, we describe similar patterns (cf. Figures 3G-3I and 3K in [8] ).
Cytosolic serotonin did not freely diffuse from injected blastomere lineages to at least the 256-cell stage, when gap junctions are reportedly fully operational [41] , suggesting that injected serotonin must be rapidly sequestered in a nondiffusible form. Close microscopic examination revealed that distribution of both endogenous and injected cytosolic serotonin is largely, if not exclusively, in the form of small vesicle-like structures ( Figures 4G and 4H) , confirming that active sequestration of exogenous serotonin must occur rapidly. Thus, neither exogenous nor endogenous serotonin is likely to be available for free or charge-driven diffusion across gap junctions. Although we cannot eliminate the possibility that other small, charged molecules might be subject to electrogenic transfer between blastomeres, we conclude that serotonin itself does not localize in this fashion.
In addition to the differences in signal strength along the animal-vegetal axis, initially observed at stage 5, the superficial cell layer of the animal hemisphere at stage 7 and stage 8 showed a more intense fluorescence compared to the deep cells (Figures 4F-4H ; Figure S4 ). Early gastrula embryos were analyzed in sagittal half sections as well. At stage 10, serotonin was still found both at the surface and in the perinuclear region in every cell, recapitulating the distribution described for earlier stages (Figures 4I-4K ). A major difference was seen in the animal part of the gastrula, comprising the ectodermal cap and marginal zone. In addition to the perinuclear space, serotonin localized at the cell membrane of various cell types, e.g., Spemann's organizer and bottle cells ( Figure 4K ).
The observed enrichment of serotonin in animal versus vegetal cells, and in superficial versus deep cells of blastulaand gastrula-stage embryos, is consistent with a role of serotonin signaling in specifying the SM, as demonstrated by our functional experiments. We therefore propose a model in which serotonin signaling serves as competence factor for Wnt signaling in the specification of the SM from which the GRP derives ( Figure 4L ). In cleavage-stage embryos, maternally deposited serotonin is found in similar patterns in every blastomere. During blastula stages, serotonin becomes progressively enriched in the superficial layer of the marginal zone and animal cap. In the dorsal marginal zone of blastulae, superficial serotonin localization overlaps directly with the region most strongly associated with canonical Wnt signaling, i.e., the localization of b-cat into dorsal nuclei [42] . Because serotonin is present in all cells, Wnt competence is not restricted to the dorsal superficial layer, as confirmed in the serotonin-dependent ventral induction of double axes by Wnt8 mRNA. The molecular mechanism of such a competence function remains elusive.
In conclusion, we have shown that serotonin signaling in the embryo is required for Wnt-dependent specification of the SM during gastrulation, in agreement with its endogenous localization. Serotonin, therefore, impacts on LR asymmetry indirectly because the fate of the SM is to become the ciliated GRP [9] , where leftward flow occurs [5] .
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